Background. The association between human papillomavirus (HPV) infection and the risk of human immunodeficiency virus (HIV) seroconversion is unclear, and the genital cellular immunology has not been evaluated.
Human papillomavirus (HPV) infection is a common sexually transmitted infection (STI) associated with anogenital neoplasia and warts [1, 2] . Individuals with HIV infection, especially those who are immunocompromised, have higher rates of multiple infections with high-risk HPV (HR-HPV) types and more rapid progression to neoplasia [1, 3] . However, the relationship between HPV infection and the risk of HIV seroconversion is unclear.
Several studies have reported an association between prevalent or incident HPV infection and an increased risk of HIV seroconversion [4] [5] [6] [7] [8] . Although most of these studies adjusted for sexual risk behaviors, the association may still reflect bias from residual uncontrolled confounding. Additionally, HPV is more transmissible than human immunodeficiency virus (HIV) [9] [10] [11] [12] , and the concurrent transmission of both viruses cannot be excluded. Two studies involving women suggested that the highest risk of HIV seroconversion is associated with clearance of a preexisting HR-HPV infection [4, 8] . Since HPV clearance is not associated with high-risk sexual behaviors [12, 13] , confounding by sexual behaviors is unlikely. No studies have evaluated whether HPV clearance in men is associated with HIV seroconversion. Recruitment of macrophages, dendritic cells, and T cells in the genital tract is thought to occur during HPV clearance [14] , potentially providing target cells for subsequent HIV infection. However, there are no studies of the effects of HPV acquisition or clearance on the genital cellular immune milieu. We assessed the associations between HPV acquisition and clearance and HIV seroconversion in males, and we analyzed the cellular immune correlates of HPV acquisition and clearance in foreskin tissues obtained after male circumcision.
METHODS

Population and Clinical Samples
Uncircumcised males aged 15-49 years were enrolled into a trial of male circumcision for HIV and STI prevention in Rakai District, Uganda (clinical trials registration NCT00425984). The design and results of this study have been reported previously [15] [16] [17] . In brief, eligible males were informed of study procedures and risks and provided written informed consent for screening and enrollment. Males were randomized to receive either immediate circumcision (the intervention arm) or circumcision after 24 months of follow up (the nonintervention arm). At enrollment and the month 6, year 1, and year 2 follow-up visits, males provided swab specimens from the glans/coronal sulcus for HPV detection and venous blood for serologic testing for HIV, herpes simplex virus type 2 (HSV-2), and Treponema pallidum. Study participants were examined and interviewed to ascertain sociodemographic characteristics and sexual risk behaviors. Samples and interviews were collected by trained male staff, and the swabs and sera were stored at −80°C.
Of 5097 HIV-negative males enrolled in the trial who had ≥3 trial visits, 1297 (25.4%) were evaluated for HPV. These males were randomly selected from the trial population, except for married males, who were oversampled to permit a parallel study of HPV transmission to their female partners. A total of 1027 (79.2%) had ≥2 visits in which their HPV status was ascertained; 82 were HIV seroconverters, and 945 were persistently HIV negative.
To assess whether HPV acquisition and/or clearance were associated with incident HIV infection, we evaluated a subgroup of these 1027 males in a case-control study. The case group comprised 44 HIV seroconverters (53.7%) who had ≥1 HPV test performed in the interval prior to detection of HIV seroconversion, and the control group comprised 787 persistently HIV-negative males (83.3%) who had the same followup duration and number of follow-up visits as the cases. Cases could serve as seronegative controls during visits that occurred before HIV seroconversion.
The trial was approved by the Ugandan National Council for Research and Technology (Kampala, Uganda) and by 3 institutional review boards: the Science and Ethics Committee of the Uganda Virus Research Institute (Entebbe, Uganda), the Johns Hopkins University Bloomberg School of Public Health Institutional Review Board (Baltimore, MD), and the Western Institutional Review Board (Olympia, WA). The trial was overseen by an independent data safety monitoring board [15, 16, 18] .
HPV, HSV-2, HIV, and T. pallidum Detection
Moistened polyester swabs containing specimens from the coronal sulcus and glans were stored in Digene specimen transport medium at −80°C until they were assayed. HPV detection and genotyping was conducted at Johns Hopkins University (Baltimore, MD). HPV genotyping was performed using the HPV Linear Array Genotyping Test (Roche Diagnostics, Indianapolis, IN), which detects 37 genotypes [19] . HPV genotypes 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68 were considered the primary HR-HPV genotypes [1] . Penile swab specimens with no detectable cellular β-globin and no detectable HPV were excluded from analysis because the adequacy of the sample could not be ensured.
HSV-2 infection was determined by HSV-2 enzyme-linked immunosorbent assay (ELISA; Kalon Biological, Guilford, United Kingdom), with an index value of 1.5 considered to be a positive result [16, 20, 21] . HIV status was determined using 2 separate ELISAs and confirmed by HIV-1 Western blotting, as previously described [15] . Active T. pallidum infection was determined on the basis of a positive rapid plasma reagin test result, followed by a positive T. pallidum particle agglutination assay [16] .
Histopathologic Analysis, Immunohistochemistry Analysis, and Cell Density Quantification Foreskin tissue samples were obtained from males in the nonintervention arm of the circumcision trial at the end of the trial and at the time of circumcision, and HPV acquisition and clearance status were defined by the difference in HPV status at time of circumcision (Figure 1) . A total of 168 males who were HIV negative at the time of circumcision were randomly selected from the trial population for foreskin analysis; married males were oversampled to permit a parallel study to evaluate foreskin immune correlates with their female partners. Because it was demonstrated that HSV-2 infection alters the density of foreskin immune cells [22, 23] , 87 males with a positive or indeterminate HSV-2 test result at the time of circumcision were not included. Of the 81 eligible males, 2 were persistently positive for HPV (ie, they did not acquire or clear HPV during the study) and were therefore excluded, yielding 79 males for evaluation.
Foreskins underwent histopathologic and immunohistochemistry analyses, as reported previously [22, 23] . In brief, foreskins were fixed in 100% ethanol and stored at −80°C. Samples of foreskins were systematically obtained by unrolling the tissue and exposing the epithelial surface. Foreskins with visible scars or abnormal tissue, such as discoloration or nodules, were excluded. Cross-sections from the epithelial to subepithelial connective tissue, spaced roughly equally across the tissue surface, were cut with a razor blade into sections approximately 1 cm thick. This technique was used to obtain tissue from a variety of areas of the foreskin, including the internal and external surface. A minimum of 3 sections per subject specimen were taken and embedded in paraffin blocks. Paraffin sections 5 μm thick were cut using a microtome and mounted without pretreatment.
A standard immunohistochemistry protocol was used to identify CD1a (antibody clone 220, NovaCastra, Wetzler, Germany), CD4 (antibody clone IF6, NovaCastra, Wetzler, Germany), and CD8 (antibody clone C8-144B, Ventana, Tucson, AZ) for identification of CD1a + dendritic cells, CD4 + T cells, and CD8 + T-cells, respectively, as previously reported [22, 23] . Briefly, all slides were digitally scanned at 20× magnification, using a ScanScope CS slide scanner (Aperio Technologies, Vista, CA). With use of custom software, a total of 10 fields of uniform size (area, 450 μm 2 ) were selected from each subject across the 3 sections of foreskin in a semirandom compass strategy, using a low-power view of the entire slide image, which precluded visualization of any gross cell formations, such as inflammatory foci, when selecting fields [22] . The areas of tissue were selected at intact epidermal-dermal junctions, with use of the 4 compass points as a guide. Images of these fields were then evaluated by 2 independent technicians, who were masked to all subject data. The percentage area of the epidermis and dermis in each field was assessed, and cell counts were measured separately for the epidermal and dermal compartments. Positively staining cells were identified by the presence of a clearly visualized nucleus and, for CD4 + and CD8 + T cells, distinct cytoplasmic staining with red chromogen. Because of the larger size and arborized structure of the dendritic cells, the cells that lacked visible nuclei but displayed a distinct dendritic morphology were also counted. Cell density (defined as the number of cells per millimeter squared) was then calculated as described previously [22] .
Statistical Analysis
The primary exposure of interest was HPV acquisition or clearance, and the unit of analysis was the interval between visits by individual participants. Each male was counted only once per interval for either HPV acquisition or clearance, irrespective of the number of HPV genotypes acquired or cleared. HPV acquisition was defined as detection of any new HPV genotype in a male who tested negative for that specific HPV genotype at the prior study visit. Clearance (ie, loss of detection) of HPV was estimated among males with HPV genotype-specific infections at the previous visit in whom the genotype was not detected at a subsequent study visit. Among cases, the interval in which HIV was detected was defined as t o , and the last HIV-seronegative interval preceding HIV seroconversion was defined as t −1 ( Figure 1 ). The control intervals were similarly defined as t o and t −1 , corresponding to the case intervals. The t −1 intervals were the focus of this analysis because these intervals clearly preceded the HIV outcome and allowed unambiguous determination of temporality (ie, HPV exposures during t −1 preceded case HIV seroconversion during t o ). Interpretation of associations during t o is ambiguous because one cannot determine whether HPV acquisition/clearance preceded or succeeded HIV infection and because HIV seroconversion is associated with increased acquisition and decreased clearance of HPV [24] . Additionally, HIV infection may lead to reactivation of latent HPV infection, leading to an overestimation of HPV acquisition [25] .
Males who acquired or cleared HPV were compared to males who were persistently negative for HPV (ie, males with Figure 1 . A and B, Representative examples of how intervals were defined for males who were human immunodeficiency virus (HIV) negative at enrollment (EN) and month 6 (M6) and then had HIV detected at year 1 (Y1) or year 2 (Y2). For HIV seroconverters, t o was defined as the interval during which HIV acquisition occurred. The last HIV-seronegative interval was defined as t −1 . The t −1 intervals were the primary focus of this analysis because this interval clearly preceded the HIV seroconversion outcome and allowed unambiguous determination of temporality (ie, exposures during t −1 preceded case HIV seroconversion during t o ). C, The interval just prior to male circumcision was of primary interest for the association between foreskin cellular composition and HPV acquisition or clearance.
2 consecutive HPV-negative samples). Dose response of HPV clearance and acquisition was evaluated using ordinal groupings of 1, 2, and ≥3 genotypes acquired or cleared. All analyses were stratified by HR-HPV and low-risk HPV (LR-HPV) such that risk of HIV seroconversion was assessed irrespective of coinfection, acquisition, or clearance of LR-HPV or HR-HPV. Since males could acquire or clear multiple HPV genotypes in a single interval, the associations of HPV acquisition and clearance with HIV seroconversion were also analyzed, using the following exposure categories: persistently negative for HPV during the interval, persistently positive for HPV during the interval (ie, 2 consecutive HPV-positive samples with the same genotype and no acquisition or clearance), acquired HPV during the interval, cleared HPV during the interval, and both acquired and cleared HPV during the interval.
Associations between fixed and time-varying potentially confounded variables with HIV seroconversion and HPV exposures were also analyzed. Fixed covariates included age, marital status, and education level at enrollment. Sexual risk behaviors (eg, number of sex partners, involvement in a nonmarital relationship, and condom use) and symptoms of STIs reported at follow-up visits for the interval of HIV seroconversion (t o ) and the corresponding interval for controls were included as time-varying covariates.
Crude and adjusted odds ratios (aORs) and 95% confidence intervals (CIs) of HIV seroconversion associated with HPV acquisition or clearance and potential confounding covariates were estimated using logistic regression with generalized estimating equations (GEE) and an exchangeable correlation structure to estimate robust variances [26] . Known HIV risk factors and factors that were associated with HIV seroconversion in univariate analyses at P < .2 were entered into a multivariable GEE logistic regression model with HPV exposure variables. The multivariate analysis adjusted for age, marital status, circumcision status, number of partners during the past interval, involvement in a nonmarital relationship, condom use, HSV-2 infection, and symptoms of STIs (ie, genital ulcer disease, dysuria, and urethral discharge). Trends in the risk of HIV seroconversion, by number of cleared genotypes, were assessed using the Cochran-Armitage test for trend.
For the foreskin tissue analysis, enrollment and follow-up characteristics, sexual risk behaviors, and STI symptoms were tabulated by HPV status, and differences were assessed using χ 2 tests. The statistical significance of differences between HPV exposure groups in the median densities of CD4 + T cells, CD8 + T cells, and CD1a + dendritic cells in the epidermis and dermis of the foreskin at the time of circumcision was assessed by the Mann-Whitney rank sum test. Trends in cell density, by number of genotypes cleared, were assessed using the Cuzick nonparametric test for trend and 1-tailed P values, because the study hypothesis was that HPV clearance increases the number of T cells and dendritic cells in the foreskin [27] . Analyses were performed using Stata software (version 11, StataCorp, College Station, TX) and R statistical software (version 2.14).
RESULTS
Study Population
Cases and controls were similar at enrollment with respect to education level, occupation, genital ulcer disease status, and serologic syphilis status (Table 1) . However, cases were significantly more likely to be younger, to be unmarried, to have a higher number of sex partners, to be in a nonmarital relationship, to not use condoms, to report more STI symptoms (ie, urethral discharge), to be assigned to the nonintervention arm of the parent trial, to acquire HSV-2 during the study period, and be infected with HPV at enrollment.
Acquisition of HPV Associated With HIV Seroconversion
The association between cases of HIV seroconversion and HPV acquisition was assessed among males who acquired HPV during t −1 . 
Dendritic Cell and T-Cell Densities in Foreskin Tissues
Foreskin tissue samples obtained from a random sample of 79 HIV-negative, HSV-2 negative males at time of circumcision were classified as persistently HPV negative, acquiring HPV, clearing HPV, or acquiring and clearing HPV during the interval prior to circumcision. Males in these groups did not differ by age, education, occupation, marital status, number of sexual partners, condom use, genital ulcer disease, urethral discharge, and dysuria at enrollment (Supplementary Table 1 ). There was no significant difference in the density of foreskin epidermal CD1a + dendritic cells between males who acquired HPV, compared with males who were persistently negative for HPV (P = .32; Figure 2 and Table 5 Figure 2C and Table 5 ). The density of epidermal dendritic cells increased progressively with the higher number of HPV genotypes cleared (P = .05, by the test for trend; Figure 2D ). The densities of epidermal CD4 + and CD8 + T cells were higher among males who acquired HPV, but this difference was not statistically significant (Table 5 ). There were no statistically significant differences in the density of dermal dendritic cells or the densities of epidermal or dermal CD4 + or CD8 + T cells among males who cleared or acquired HPV, relative to males who were persistently negative for HPV. The case group comprised males with HIV seroconversion, and the control group comprised males who were persistently HIV negative.
Abbreviations: CI, confidence interval; HPV, human papillomavirus; HSV-2, herpes simplex virus type 2; OR, odds ratio. a Determined by a positive rapid plasma reagin test, followed by a Treponema pallidum particle agglutination assay. Data were missing for 9 controls.
b Based on testing at enrollment and the 24-month follow-up visit. Data were missing for 9 controls.
c Includes high-risk and low-risk HPV types. In a sensitivity analysis, when the 2 males who were persistently HPV positive and did not acquire or clear HPV were included with the controls who were persistently HPV negative, the epidermal dendritic cell density was higher among males who cleared HPV (P = .028), and the epidermal dendritic cell density increased progressively as the number of HPV genotypes cleared increased (P = .03, by the test for trend).
DISCUSSION
Both HPV acquisition and persistent HPV infection were not significantly associated with an increased risk of HIV seroconversion (Tables 2 and 4 ). Previous studies that reported an association between HPV acquisition and HIV seroconversion [5, 7] may have been confounded by sexual behaviors or concurrent transmission of both viruses from a dually infected sexual partner [28, 29] . However, clearance of penile HPV was associated with a 3.2-fold increased adjusted odds of HIV seroconversion, and the risk of HIV seroconversion increased progressively with the number of HPV genotypes cleared (Table 3) . Clearance is unlikely to be confounded by high-risk sexual behaviors, since such behaviors are likely to be associated with repeat HPV exposures and because reinfection would be expected to reduce observed clearance of HPV. This is the first study of the association between HPV The case group comprised males with HIV seroconversion, and the control group comprised males who were persistently HIV negative.
Abbreviation: CI, confidence interval. a The multivariate analysis adjusted for age, marital status, circumcision status, number of sex partners during past interval, nonmarital relationships, condom use, herpes simplex virus type 2 infection, and symptoms of sexually transmitted infections (ie, genital ulcer disease, dysuria, and urethral discharge). b Fifteen males cleared both high-risk and low-risk HPV genotypes. The case group comprised males with HIV seroconversion, and the control group comprised males who were persistently HIV negative.
Abbreviation: CI, confidence interval. a The multivariate analysis adjusted for age, marital status, circumcision status, number of sex partners during past interval, nonmarital relationships, condom use, herpes simplex virus type 2 infection, and symptoms of sexually transmitted infections (ie, genital ulcer disease, dysuria, and urethral discharge).
clearance and the risk of HIV seroconversion among males, and our findings are supported by 2 previous studies involving women, which also found that HPV clearance is associated with an increased risk of HIV seroconversion [4, 8] .
The study of foreskins obtained during circumcision provides a model for evaluating cellular immune responses to HIV and HPV [30] [31] [32] . HIV infection occurs across the epidermal foreskin, where CD4 + T-lymphocytes and macrophages are relatively rare in the absence of inflammation [23, 33] but where 2 subtypes of epidermal dendritic cells (langerinexpressing Langerhans cells and DC-SIGN-expressing dendritic cells) are abundant [34] . Dendritic cells play an important role in HIV infection by delivering virions directly to primary CD4 + T cells [35] . Thus, the findings that males who cleared HPV had significantly higher dendritic cell densities in the foreskin epidermis and that this effect is dose dependent ( Figure 2 ) suggest a plausible biologic mechanism whereby HPV clearance might increase the number of HIV target cells, potentially increasing susceptibility to HIV seroconversion. Much of the infectious cycle of HPV is designed for immune evasion. HPV E6 and E7 oncoproteins interact and suppress the interferon signaling pathway [36] . Infected keratinocytes shed virus through natural cell death of terminally differentiating squamous epithelial cells without release of HPV-specific antigens that might induce a cellular inflammatory response [36] . Thus, HPV acquisition or persistent HPV infection are not typically associated with inflammation [14, 36] . Studies of regressing genital warts, however, have shown significantly increased numbers of CD4 + and CD8 + T cells and macrophages Males were stratified by whether they were HPV negative, acquired HPV, cleared HPV, or both cleared and acquired HPV and were assessed for CD1a + dendritic cell density (C). Males were also stratified by how many HPV genotypes they had cleared (D). Median cell densities with interquartile ranges are shown.
but a nonsignificant increase in the number of CD1a + cells, compared with nonregressing lesions [14] . Wart regression is also associated with upregulation of lymphocytic adhesion molecules [14] and upregulation of proinflammatory cytokines [14, 36] . HPV clearance in this study was associated with an increased density of dendritic cells but not of CD4 + and CD8 + T cells, possibly because of the long interval between HPV clearance and circumcision. It takes approximately 6-18 months to clear HPV infection [12, 13, 37] , and T cells are more transient than dendritic cells at the site of infection [38] . Additionally, some males who acquired HPV in the interval preceding male circumcision were likely in the process of HPV clearance, which, if true, would have resulted in the misclassification of these individuals. This study has limitations. We were conservative and focused on the interval prior to HIV seroconversion (ie, t -1 ), when the temporal sequence of events is clear and not confounded by the effects of HIV infection on HPV acquisition and clearance (ie, reverse causality). Interpretation of associations during t o is ambiguous because one cannot determine whether HPV acquisition or clearance preceded or succeeded HIV infection or whether HPV reactivation as a consequence of HIV infection confounded associations [24] . The 6-and 12-month intervals between sample collections are long and may have underestimated HPV incidence and clearance because individuals may have both acquired and cleared unrecognized HPV genotypes between study visits. In addition, the long intervals also prevented tight associations between the foreskin cellular milieu following HPV acquisition and clearance. We were conservative in our estimates of HPV acquisition and clearance, which were restricted to sequential samples with amplifiable cellular or viral DNA to ensure the adequacy of sample collection. Incident HPV detection probably represents a combination of true newly acquired infections and reactivation of prior latent infections [3, 25] , and we were unable to distinguish between these 2 processes. The study was also unfortunately limited by a small sample size. Thus, it cannot be definitively determined that HPV clearance only, and not HPV acquisition or HPV persistence, was associated with the increased risk of HIV seroconversion.
If, as found in this study, HPV clearance is associated with HIV seroconversion and increased foreskin dendritic cell recruitment, this could be highly relevant to HIV susceptibility. These data might provide a basis for the development of future methods for HIV prevention, including new approaches through control of HPV or agents to modulate the genital inflammatory or cell-mediated immune response to HPV clearance.
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